Inspiratory muscle endurance was determined by the time the subject was able to sustain breathing against an inspiratory pressure load on a modified Nickerson-Keens device. The results showed that 1) except for inspiratory muscle endurance and FE&/FVC, men had greater respiratory muscle and pulmonary functions than women, 2) respiratory muscle function and pulmonary function decreased with age, 3) smoking tended to lower duty cycle and FE&/FVC and to enhance PWk, and 4) inspiratory muscle endurance was greater in men who were physically active than in those who were sedentary. Therefore we conclude that there are sexual and age differences in respiratory muscle strength and pulmonary function and that smoking or physical activity may affect respiratory muscle function. muscle strength; muscle endurance; smoking; physical activity; pulmonary function THE RESPIRATORYMUSCLES arejustasvitalasthe heart and can be susceptible to fatigue under certain conditions (2, 6, 9, 18, 19, 25, 27). The evaluation of respiratory muscle performance, therefore, becomes very important if the respiratory muscle function is impaired. To accomplish this, we must realize the functional parameters of respiratory muscle and be aware of their possible determinants. Previous studies have shown that men and women have different ventilatory responses to CO2 (1, 29) and that pulmonary function is deteriorated by the aging process (8, 28) and by smoking (10, 16). However, only a few investigators have examined these factors, which may also affect respiratory muscle function. Although Black and Hyatt (5) measured the maximal respiratory pressure in males and females from 20 to 74 yr of age, they divided the subjects into only two age groups. Like other skeletal muscles, respiratory muscle function should be described in terms of strength and endurance.
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Nonetheless, Black and Hyatt observed neither the respiratory muscle endurance nor the possible effects of physical activities or smoking on respiratory muscle function. To further understand the influences of gender and age on the respiratory muscle function, we evaluated the respiratory muscle strength and endurance in 80 males and 80 females who were 16-75 yr of age and divided into four age groups. The correlations between various habitual factors (such as smoking and physical activities) and the respiratory muscle function were also investigated in this study.
METHODS
Chinese volunteers of different ages (80 males, 80 females) were studied after they understood the experimental procedures and gave their informed consent. All were healthy, but none was involved in a regular athletic training program. The male subjects were more active physically than the females; 28 of the males were smokers. The subjects were divided into four age groups: group I, 16-30 yr; group II, 31-45 yr; group III, 46-60 yr; group IV, 61-75 yr. Each group consisted of 20 males and 20 females. The physical characteristics of these subjects are shown in Table 1 . No age differences were found between males and females. To avoid the effects of learning and habituation, the subjects reported to our laboratory and were familiarized with the experimental procedures involved in respiratory muscle function measurements 1 or 2 days before the actual study.
Respiratory Muscle Function Test
The respiratory muscle function test measured respiratory muscle strength and inspiratory muscle endurance.
Respiratory muscle strength determination. The maximal static inspiratory and expiratory pressures (PI,m,,, and PE,mmax) , measured by a differential pressure transducer (Validyne) and maintained for at least 1 s while the subjects were seated and breathed against a completely occluded airway (modified Mueller or Valsalva maneuver), were indexes of respiratory muscle strength. To see the volume-dependent effect, PI,mmaX was determined at functional residual capacity (FRC) and at residual volume (RV), i.e., PI,m,,,FRC and PI,m,,,RV, whereas PE,m max was evaluated at FRC and at total lung capacity (TLC), i.e., PE,mmaxFRC and PE,mma,TLC. There were three trials in this test, and the highest value was used for data analysis. Inspiratory muscle endurance. Inspiratory muscle endurance was determined by the time the subject was able to sustain breathing against an inspiratory pressure load on a modified Nickerson-Keens device (23) . Both duty cycle (0.4) and breathing rate during the measurement were controlled by a metronome that was set according to the subject's resting respiratory rate. As previously reported (ll), this apparatus had a chamber connected to the inspiratory port. Inside the chamber was a plunger mounted over a large opening. When the pressure difference between the chamber and atmosphere was greater than a certain threshold pressure, the plunger lifted and air entered, allowing the subject to take a breath. The pressure load could be varied by adding weights to or removing them from the plunger. The pressure load was estimated from the following equation, which was obtained from our preliminary study: Pm = 0.11 X wt + 10.1, where Pm represents mouth pressure (cmH20) and wt is the plunger weight (g). At the very beginning, the target pressure for each subject was set at 60% of PI,m,,,FRC.
If this pressure could be sustained for X5 min, it would be raised 10% more and tried again. Both target pressure and mouth pressure were shown on an oscilloscope (Gould digital storage oscilloscope type 1425) so that the subject could watch both pressure tracings on the oscilloscope and be guided to reach the target pressure for each inspiratory mouth pressure throughout the test under our oral instructions. If the subject was unable to reach the target for three consecutive breaths no matter how we encouraged, this test would be terminated.
Since both the target pressure and endurance time might vary with each individual, we used the product of the target pressure and endurance time (pressure-time index) as the index of inspiratory muscle endurance. To safeguard the subjects, end-tidal PCO~ and arterial O2 saturation were monitored by a COa analyzer (SensorMedics LB-2) and an 02 saturation monitor (Criticare CSI501), respectively, throughout the test. In addition, the airflow, tidal volume, and CO2 fraction were traced on a four-channel polygraph (Gould 2400s portable ink recorder). This test was executed twice, and the greater result was used for further analysis.
To validate the methods of respiratory muscle function determination in our study, seven subjects undertook the tests twice on two separate occasions in a preliminary TABLE 1. Physical characteristics of all subjects study. The results indicated that the measurements of respiratory muscle strength and inspiratory muscle endurance were reproducible (Table 2 ). In addition, calibrations on pressure, volume, and CO2 and 02 analyzers (by using a manometer, a volume syringe, and a standard gas mixture of Oz-C02-balance Nz, respectively) were conducted before each test.
Pulmonary Function Test
The resting spirometric measurements were taken by a spirometer (SensorMedics PFT Horizon System) while the subjects were seated. During this test, the tidal volume (VT), respiratory rate (f), duty cycle (TI/TT), forced vital capacity (FVC), forced expiratory volume in 1 s (FE&), and FEVJFVC were measured. The better result of two trials were chosen to analyze the data.
In addition, all subjects were asked whether they performed physical activities or smoked and, if they did, to what extent. The recreational physical activities were categorized into four levels (i.e., severe, moderate, mild, none) based on type, duration, and intensity of the activities. Smoking was quantitated by estimating the total number of cigarettes smoked.
At the end of this study, we calculated means t SE for all parameters in different age or sex groups to establish the data base of respiratory muscle function in healthy subjects. We also compared these parameters between men and women by unpaired t test and among different age groups by analysis of variance and multiple range test (Student-Newman-Keuls procedure) to determine whether there were sex or age differences in respiratory muscle function and pulmonary function. The correlations between respiratory muscle function or pulmonary function and smoking or physical activity were also evaluated statistically. In addition, the Mann-Whitney test was conducted to compare the inspiratory muscle endurance between sedentary and physically active men who were otherwise similar anthropometrically.
RESULTS

Respiratory Muscle Strength
The results of respiratory muscle strength are shown in Table 3 . The inspiratory muscle strength measured at FRC was less than that determined at RV (men, 89.6 t 2.8 vs. 104.0 t 3.1 cmH20; women, 64.6 t 2.1 vs. 74.2 t 2.4 cmHz0). Men also had stronger inspiratory muscles Values are means t SE in cmHz0, with SD in parentheses. See Table 1 footnote for explanation of age groups; see Table 2 footnote for definition of abbreviations. * P < 0.001, by analysis of variance.
than women (P < 0.001). Expiratory muscle strength was volume dependent as well. PE,m,,,FRC was 115.1 t 3.7 cmHBO and PE,m,,,TLC was 132.2 t 4.3 cmH20 in men, whereas PE,mmax FRC was 75.2 t 2.3 cmH20 and PE,m,,,TLC was 88.5 t 2.7 cmH20 in women. Again, men had greater expiratory muscle strength than women (P < 0.001). Table 4 illustrates the mean values of respiratory muscle strength in men of different age groups. The inspiratory muscle strength, represented either by PI,m,,,FRC or by PI,m,,,RV, decreased significantly with aging (P < 0.001). The expiratory muscles demonstrated a similar but nonsignificant change with different ages. In women, both the inspiratory and expiratory muscle strength were significantly lowered with aging (Table 5) Table 2 footnote for definition of abbreviations. * P < 0.001, 7 P < 0.05, by analysis of variance. 
Inspiratory Muscle Endurance
During the determination of inspiratory muscle endurance, the actual target pressure used for men was 62 t 1% of their PI,m,,,FRC and that for women was 61 t 1% of PI,m,,,FRC. The endurance time in the males was 396 t 29 s and that in the females was 404 t 30 s. The pressure-time indexes therefore were 25,477 t 2,011 in men and 25,698 t 2,035 in women. It was obvious that there was no sexual difference in inspiratory muscle endurance.
Nonetheless, the actual target pressure and endurance time were less in the older groups than in the younger groups in both genders. Table 6 shows that inspiratory muscle endurance decreased as age increased (P < 0.05 in males, P < 0.001 in females). In addition, the endurance time was found to correlate positively with the physical activity in men (n = 80, r = 0.2862, P < 0.01).
Further analysis by Mann-Whitney test also revealed that physically active men had greater inspiratory muscle endurance than sedentary men (Table 7) .
Pulmonary Function Test
Men had greater VT, FE&, and FVC but lower FE&/ FVC than women (VT, 0.84 t 0.03 vs. 0.59 t 0.02 liters; FE&, 3.26 t 0.09 vs. 2.37 t 0.07 liters; FVC, 3.85 t 0.09 vs. 2.72 t 0.07 liters; FEVJFVC, 84 t 1 vs. 87 t 1%). If the smokers among the males were excluded, the difference in FEVJFVC between men and women no longer existed. TI/TT during spontaneous resting breathing was correlatively decreased in smokers (r = -0.3765, P < 0.001). In comparison of the spirometric parameters among different age groups, there were significant drops in FE&, FVC, and FEVJFVC along with age in both sexes (P < 0.001).
DISCUSSION
We found that Chinese men had greater inspiratory and expiratory muscle strength than Chinese women. On Values are means t SE, expressed as pressure-time index (see Table 2 ). See Table 1 footnote for explanation of age groups. * P < 0.001, t P < 0.05, by analysis of variance. the contrary, there was no sexual difference in inspiratory muscle endurance. We also noticed that both respiratory muscle strength and inspiratory muscle endurance decreased with aging. The effects of gender and age on the pulmonary function showed a similar pattern; i.e., 1) men had greater spirometric results than women except for the values of FEVJFVC, which were not different when the smokers were excluded, and 2) the pulmonary function decayed as the age increased. Previous reports indicated that men and women differed in many aspects, such as the control of ventilation (1, 29), the pharyngeal resistance (30), and the lung volume-tracheal area relationship (15). Black and Hyatt (5) found that men and women had different performances in PI,m,,, RV and PE,m,,,TLC, which were confirmed by some of our results. However, they did not measure the inspiratory muscle endurance and the maximal static pressure at FRC, which was more appropriate to indicate the respiratory muscle strength than at any other lung volume. Our results showed that men had stronger respiratory muscle strength than women no matter how we measured (Table 3) . We believed this was probably due to different body size between men and women at the beginning. However, the sexual difference still existed after dividing either by body weight or by body height. One possible explanation was that the male subjects in this study were physically more active than the females. Although we observed a positive correlation between physical activity and inspiratory muscle endurance, it was puzzling that the inspiratory muscle endurance was similar in both sexes, probably because of other unknown factors. The inspiratory muscle strength measured at RV was greater than at FRC, and the expiratory muscle strength measured at TLC was greater than at FRC. This volume-dependent phenomenon was consistent with the findings of Cook et al. (13) and could be explained by the force-length relationship of skeletal muscles.
Some studies suggested that several respiratory parameters could be affected by age (5, 8, 14, 28) . Although Black and Hyatt (5) found a significant regression of PI,m,,,RV and PE,m,,,TLC in subjects >55 yr of age, they did not show the aging effect at ~55 yr of age or the aging effect on respiratory muscle endurance. Nochomovitz et al. (24) observed that inspiratory muscle strength, represented by PI,m,,,RV, and inspiratory muscle endurance were reduced in eight subjects >65 yr of age. Our findings from four age groups revealed that the aging effect on both respiratory muscle strength and inspiratory muscle endurance started even at 30 or 40 yr of age. This decrease in respiratory muscle function is probably due to a disproportionate reduction in the number of fatigue-resistant muscle fibers during the aging process (17). We used normal Chinese subjects to investigate the effects of gender and age on respiratory muscle strength and inspiratory muscle endurance. Although very few complete studies on respiratory muscle function were available, we tried to compare the values of this study with previous reports. The data are summarized in Table   8 . In most of the previous reports (2, 4, 5, 18), except that by Bye and co-workers (9), values for respiratory muscle strength were higher than ours. Although the underlying mechanisms were still unknown and needed to be studied further, the possible explanations might include differences in such factors as body size, activity, and race.
In this study, 28 of the males were smokers: 3 in group I, 7 in group II, 10 in group III, and 8 in group IV. A recent report has shown that airway resistance can be increased by acute smoking (22) . Accordingly, we speculate that chronic cigarette smoking may enhance airway resistance in smokers as well. In our study, the smokers tended to have shorter TI/TT and greater PE,mmax than nonsmokers (data not shown). This suggested that they would spend more time for expiration and perhaps be trained by breathing against the elevated airway resistance, especially during expiration.
Since most of the smokers were in the older groups, the influence of smoking on expiratory muscle strength could therefore obscure the aging effect in men (Table 4) . Our results also confirm the aging effect on pulmonary function (8). The smokers had lower FEVJFVC than nonsmokers, which was consistent with results in previous reports (10, 16 ).
This finding might explain the lower value of FEVJFVC in men than in women.
Martin and Chen (20) have observed that athletes had greater ventilatory endurance than their nonathletic siblings; which implied that the greater ventilatory endurance in athletes might be the effect of physical training.
Robinson and Kjeldgaard (26) showed that ventilatory muscle function could be improved by running training. In this study, we also noticed that physical activity might increase inspiratory muscle endurance by the analyses of correlation and nonparametric Mann-Whitney test. Inspiratory muscle endurance was usually determined by the sustained time of breathing against an inspiratory resistive load, such as the Nickerson-Keens device, with arbitrary breathing pattern. However, the respiratory rate and TI/TT could modulate diaphragmatic blood flow, which in turn would affect the muscle endurance (3, 7, 12, 21) . We therefore controlled these variables by a metronome throughout the test of inspiratory muscle endurance.
The study was designed as cross sectional. Although a longitudinal study can answer the question about the aging effect as well and perhaps requires fewer subjects than a cross-sectional study, it is time consuming and may not prevent changes in other factors during the follow-up period. Therefore, we chose the cross-sectional design in our study.
From these results, we conclude that, in the population studied, 1) men have greater respiratory muscle function and spirometric values than women, except the inspiratorv muscle endurance and FE& /FVC. which are similar in both sexes, 2) the respiratory muscle function and pulmonary function deteriorate with aging, 3) smoking may affect breathing pattern, and 4) physical activity may enhance inspiratory muscle endurance.
